ABSTRACT In this study, we assessed the interaction occurring between the rice weevil and two storage molds (Aspergillus candidus Link and Aspergillus niger Van Tiegem) that prefer different moisture regimens under rice storage conditions. Rice weevil induced rapid population growth in both of the storage molds. The colony forming units (CFUs) of A. candidus and A. niger peaked at 10 9.00 Ϯ 0.02 and 10 7.72 Ϯ 0.03
The rice weevil (Sitophilus oryzae L.) and Aspergillus spp. in rice storage are the principal components of rice storage systems in Korea Cho 1974, Ryoo et al. 2008) . Hyun (1963) previously suggested that the long-term coexistence of the rice weevil and the molds in rice storage has resulted in the development of a protocooperation between them. The rice weevil harbors mold spores on its body and enhances mold growth by raising the temperature and moisture content of rice grains (Hyun 1963 , Ragunathan et al. 1974 , Kim et al. 1985 , as do other insects that infest stored products (Barney et al. 1995 , Beti et al. 1995 , Wicklow et al. 1998 , Sone 2000 , Wright 2001 , and the molds could provide nutrition to the weevils (Hyun 1960 , Misra et al. 1961 ). Hyun and Yu (1974) showed that the extent of the positive interaction could vary in relation to the Aspergillus species involved (also see Kim and Ryoo 1982) . This variation could be attributable to the closeness of the grain moisture contents optimal for the rice weevil (14 Ð15%) to the threshold value for mold growth; the thresholds for the growth of A. candidus Link and A. niger Van Tiegem or A. flavus Link are 14 Ð15 and 17Ð18%, respectively (Hyun 1963 , Saur et al. 1992 , Wilson and Abramson 1992 , Wicklow 1995 . Yoon et al. (2003) previously reported that the rice weevil preferred rice grains contaminated with Aspergillus species in rank order : A. candidus, A. niger, A. flavus, and then mold-free grains as had been hypothesized by Hyun and Yu (1974) .
Because of variations in the positive interactions occurring between the rice weevil and Aspergillus spp., the presence and density of the rice weevil would affect the mycoßora of Aspergillus spp. under rice storage conditions: the dominance of the mold species is closely associated with the rice weevil. If so, suppression of the rice weevil by its larval parasitoid, Anisopteromalus calandrae (Howard), would inßu-ence the mold species differently.
The principal objective of this study was to assess considerations with the rice weevil and two Aspergillus spp. (A. candidus and A. niger ) that differ in their relationship with the rice weevil (Kim and Ryoo 1982) . A. candidus is a major species that is frequently found together with the rice weevil; A. niger is a minor species found together with the rice weevil Cho 1974, Ryoo et al. 2008) . Comparison of the population development of the two mold species in the presence of a rice weevil populations with and without the parasitoid would contribute to an explanation of the variations in the positive interaction between the rice weevil and the Aspergillus species. The question addressed in this study is as follows: is variation in this interaction simply caused by the differences in the optimal moisture requirements of the rice weevil and the two mold species or can there be other mechanisms for the interactions between the weevil and molds?
Materials and Methods
Experimental Jars. A glass jar (diameter ϭ 7.5 cm, height ϭ 13.5 cm) containing 300 g of brown rice was covered with a plastic cover Þtted with a hole (diameter ϭ 0.5 cm) suitable for a syringe Þlter (0.8 m; Avantec MFS, Dublin, CA). This was done to minimize mold contamination from outside through aeration (Fig. 1) . The jar was autoclaved for 15 min at 121ЊC and 1.2 atmospheres.
Rive Weevil. Stock cultures of the rice weevil were maintained on brown rice (Oryza sativa L.) at 28ЊC in our population ecology laboratory at Korea University for Ͼ10 yr.
Parasitoid. Anisopteromalus calandrae is a solitary ectoparasitoid of the larvae of several species of stored product beetles (Ghani and Sweetman 1955) . The developmental period of females on rice weevil reared on brown rice was 13.0 d at 28ЊC (Chun et al. 1992) . A stock culture of A. calandrae has been maintained on fourth instars of rice weevil in the same laboratory at 28ЊC and 70 Ð75% RH. The insects collected randomly from the stock cultures were reared for a further generation, and the resulting adults were used in this study.
Molds. Aspergillus candidus and A. niger were isolated from the bodies of rice weevils, identiÞed by the methods of Klich (2002) and cultured on malt salt agar (MSA) plates (malt extract 20 g, peptone 1 g, dextrose 1 g, NaCl 75 g, agar 20 g, distilled water 1,000 ml). A disk (diameter ϭ 0.5 cm) was taken from a marginal region of the mold colony on the plate, inoculated onto a fresh MSA plate, and maintained for 7 d at 28 Ϯ 0.5ЊC. Three disks were obtained from the marginal region of the mold colony, inoculated into an experimental jar, and shaken thoroughly to spread the mold spores among the grains in the jar.
Procedure for the Acquisition of Mold-free Insects. The procedure was similar to that used by Hyun and Yu (1974) . A glass jar (diameter ϭ 7.5 cm, height ϭ 13.5 cm) containing 300 g of brown rice of moisture content (mc) 13Ð14% was autoclaved for 15 min at 121ЊC at 1.2 atmospheres. At least 200 adult weevils (200 Ð300), less than a week old, were surface disinfected by 3 min of immersion in 0.1% sodium hypochlorite solution (NaClO) solution and rinsed three times in distilled water and placed in autoclaved jars. Every 2 d, 10 weevils per jar were randomly sampled, ground, mounted on a MSA plate, and incubated for 1 wk at 28 Ϯ 1ЊC. Mold growth on the plate was recorded. All the weevils remaining in the jar were surface disinfected, transferred to a fresh autoclaved jar, and maintained under the same conditions, after which the procedure was repeated. No mold growth from the weevil body was detected after 10 repetitions of the procedure (20 d), with 50 replications. Thus, the disinfected weevils used in this study were 3Ð 4 wk old after emergence.
Because of the short life span of females (ϳ15 d) (Ji et al. 2004 ) and physical weakness, A. calandrae proved too sensitive to the disinfecting procedure, and therefore the parasitoids used in this study were raised on disinfected rice weevils in autoclaved jars with 150 g of brown rice.
Temperature and Moisture Content of Rice Grains. Room temperature was recorded continuously by HOBO environmental monitors (Onset Computer, Bourne, MA) The moisture content of rice grains was measured using an infrared moisture determination balance (Kett Electric Laboratory, Tokyo, Japan). 
Effects of Control of Rice Weevil by A. calandrae on the Mold Populations.
In an effort to determine the effects of suppression of rice weevil population by the parasitoid on the molds A. candidus and A. niger, we established four treatments: the two molds, each with or without the parasitoid. These are referred to as CN, NN, CP, and NP, for A. candidus without parasitoid, A. niger without parasitoid, A. candidus with parasitoid, and A. niger with parasitoid, respectively.
Five pairs (females and males) of disinfected rice weevils were introduced into each of the 300-g jars inoculated with A. candidus or A. niger and held at room temperature. For the CP and NP treatments, three pairs (females and males) of 2-to 3-d-old parasitoids were introduced into the treated jar after 30 d. After 75 d, and every 15 d thereafter, three jars per treatment were selected randomly, and the total number of adult weevils and parasitoids in the jars were recorded. We initiated this study using Ͼ60 jars per treatment, because the jars, once observed, were inevitably contaminated with molds from outside and needed to be discarded. Because the total treatments required too large a space for maintenance in a constant temperature facility, we conducted the study at room temperature. To avoid variation as the result of the varying temperature conditions, all the treatments were initiated within 2 d. The daily temperature varied between 21.1 and 30.6ЊC during the experiments.
Mold Counts. To evaluate mold in the rice grains, 10 randomly selected grains per jar were washed in 1% sodiumhypochlorite solution (NaClO) for 3 min to remove surface contaminants, rinsed with sterile distilled water (Sone 2000) , mounted on a MSA plate (10 grains per plate), and maintained for 7 d in an incu- A. candidusÐparasitoid, A. nigerÐno parasitoid, and A. nigerÐparasitoid, respectively. bator at 25 Ϯ 0.5ЊC. The growth of the mold colonies and their numbers on the plates were identiÞed and counted. This procedure was replicated 10 times per jar: 30 times per treatment.
To monitor sequential changes in the number of fungal colony formation units (CFUs), 10 g of rice grains from each treated jar were sampled, surfacesterilized with 1% sodium hypochlorite solution (NaClO), and rinsed. Then, 100 ml of sterile distilled water and 30 l of Tween80 (Sigma, St. Louis, MO) were added and blended for 10 s (speed 16) in a sterilized blender (Osterizer) (Sone 2000) and placed for 30 min in a shaking incubator at 30 Ϯ 1ЊC. The suspension was diluted by mixing a 1-ml suspension with 9 ml of sterile distilled water. Through serial dilution, we obtained mold suspensions diluted 10 Ϫ3 -to 10 Ϫ7 -fold. From each suspension, 200 l was sampled, macerated on an MSA plate, and incubated for 7 d at 25 Ϯ 0.5ЊC. The number of colonies on the MSA plate was counted. The procedure was replicated three times per jar: nine random samples of 10 g were used per treatment and repeated twice per sample.
Statistical Analysis. The effect of the parasitoid and mold on the rice weevil population was analyzed using analysis of variance (ANOVA) using a nested design (observation day as nest; Proc GLM, SAS Institute 2002). Statistics of CFUs and total number of weevils were analyzed after log(X ϩ 1) transformation to stabilize variances. Changes in the grain moisture contents throughout the period of the study were assessed using regression analysis (Proc REG, SAS Institute 2002) . The relationship between the number of weevils and the grain moisture content, or grain moisture contents and the number of CFUs, were assessed using regression analysis (Proc REG, SAS Institute 2002). Slopes of the regressions were compared by t-test and F-test (Zar 1999) .
Results
Number of Rice Weevils in the Treatments. The numbers of both total and living weevils in the jars inoculated with A. niger (NN) were signiÞcantly higher than those in the jars inoculated only with A. candidus (CN; Fig. 2 ; F ϭ 3.77 and F ϭ 3.56; df ϭ 10,90; P Ͻ 0.001, for total and living number of weevils, respectively). Living weevils were found in NN until day 195, when the study was Þnished, but all the grains were determined to have deteriorated completely ϩin CN on day 135, and no living weevils were detected thereafter.
The number of rice weevils was signiÞcantly suppressed as the result of the introduction of A. calandrae (F ϭ 14.51; df ϭ 10,90; P Ͻ 0.001). The total number of weevils in NP peaked at the level of 330 Ϯ 312.53 at day 135, similar to that in CP, but signiÞcantly more living weevils were detected in NP than in CP throughout the experimental period. In NP, the number of living weevils evidenced two peaks at days 135 and 180, respectively. In CP, the peaks came 15 and 30 d earlier, respectively, than in NP.
Grain Moisture Contents in Relation to the Suppression of Weevils. With the increase in the number of the rice weevils without A. calandrae, the grain moisture content increased in both CN and NN in a similar fashion (slope: t ϭ 0.39; df ϭ 56; P Ͼ 0.50): the overall moisture contents pooled were 10.28 Ϯ 1.15% at day 30 and 23.75 Ϯ 3.96% at day 195. The regression equation of grain moisture content (mc) on the experimental periods were estimated as mc ϭ 8.01(Ϯ0.92) ϩ 0.084(Ϯ0.0007) ϫ day (r 2 ϭ 0.72; df ϭ 58; P ϭ 0.001). When the number of weevils was suppressed by the parasitoid, the increase in the moisture content over time was not signiÞcant in NP (F ϭ 0.84; df ϭ 28; P Ͼ 0.36) or retarded signiÞcantly in CP. The regression equation of grain moisture content (mc) on the experimental periods in CP was estimated as mc ϭ 8.97(Ϯ1.78) ϩ 0.035(Ϯ0.013) ϫ day (r 2 ϭ 0.17; df ϭ 28; P Ͻ 0.02; Fig. 3) .
Changes in the Rate of Grains Infected with the Molds. The percentage of grains (ϮSD) infested with molds in CN and NN increased to 100% by day 105 and increased more rapidly in CN than in NN (F ϭ 122.71; df ϭ 9,522; P Ͻ 0.0001; Fig. 4) .
The suppression of the number of rice weevils in CP and NP signiÞcantly reduced the percentage of infested grains (F ϭ 54.56; df ϭ 18,1044; P Ͻ 0.0001). The growth of A. niger in NP was signiÞcantly less than was noted in the other treatments.
Changes in the Number of CFUs. The sequential trends of the number of CFU [log(mean) Ϯ SD] of A. candidus in CN and A. niger in NN were similar, increasing to peaks and remaining level. The growth of A. candidus in CN based on CFUs was faster and peaked at a higher level than did A.niger in NN (F ϭ 88.94; df ϭ 18,629; P Ͻ 0.0001): the peaks of CN and NN were 9.00 Ϯ 00.10 and 7.72 Ϯ 00.11, respectively (Fig. 5) .
When the weevils were suppressed, the growth of both A. candidus and A. niger in CP and NP were retarded signiÞcantly (F ϭ 123.28; df ϭ 9,629; P Ͻ 0.001). In CP, the number of CFU increased to 7.54 Ϯ 0.96 at day 105 and remained at approximately that level, which was higher than that in NP, where the number increased to 4.49 Ϯ 00.61. In NP, the number of CFU varied among the jars and other mold species, such as Aspergillus penicilloides Spegazzini and Wallemia sebi (Fries), which might invade the jars during the experimental periods, replaced A. niger completely by day 180.
Relationship Between the Number of CFUs and Grain Moisture Content. The numbers of CFUs were related signiÞcantly to the grain moisture content, which in turn was signiÞcantly related to the total number of weevils in the jars. The regression of the CFUs (y) against grain moisture content in the period between days 30 and 195 (x) and that of the grain moisture content (y) on the total number of weevils (x) is provided in Table 1 . The coefÞcients of regression of the moisture content on the number of CFUs were similar between CN and CP and between NN and NP (t ϭ 1.13 and 1.12 for A. candidus treatment and A. niger treatment, respectively; df ϭ 56; P Ͼ 0.20). The regression coefÞcient estimated in A. candidus treatments (CN ϩ CP) was signiÞcantly lower that that in A. niger treatments (NN ϩ NP; t ϭ 3.67; df ϭ 116; P Ͻ 0.01).
Discussion
As had been expected (Hyun 1963, Hyun and Yu 1974) , the growth of A. candidus and A. niger was correlated positively with the number of rice weevils; the percentage of infested grains and the number of CFUs increased as the number of rice weevils increased. This positive relationship may have represented an indirect effect of the activity of weevils in raising the grain moisture content. Total numbers of weevils explained 55% of the variation in the grain moisture content, and the grain moisture content explained 37% of the variation in CFUs.
Suppression of the rice weevils by the parasitoid affected the population of the two Aspergillus species differently. The growth of A. niger was halted and replaced by other xerophilic mold species, including A. penicilloides and W. sebi, but A. candidus continued to grow even at grain moisture contents below the threshold (Fig. 3) . The threshold of the grain moisture content for the growth of A. candidus has been reported to be 14 Ð15%, whereas that of A. niger is 17Ð18% (Hyun 1963 , Saur et al. 1992 , Wilson and Abramson 1992 . In this study, A. niger began to grow when the moisture content increased to Ϸ15%. When the rice . candidusÐno parasitoid, A. candidusÐparasitoid, A. nigerÐno parasitoid, and A. nigerÐparasitoid, respectively. weevil was suppressed, the moisture content could not increase to the level necessary for the growth of A. niger, and it gradually disappeared. For the growth of A. niger, the moisture content was thus a major limiting factor, such that a higher portion of the variation in the number of CFU of A. niger (52%) was explained by the grain moisture contents than that of A. candidus (27%). A. candidus was able to grow at a moisture content of Ϸ12%, as shown in this study, thus suggesting that the grain moisture content was not a principal limiting factor for growth.
Although indicated less clearly, another factor also seems to be a cause of differences in the growth of the two Aspergillus species when the rice weevil was suppressed. Because the grain moisture content required for the growth of the rice weevil and A. candidus are similar (Hyun 1963) , they have occurred together frequently in rice storage, leading to long-term interactions, which could in turn facilitate a direct positive relationship between A. candidus and the rice weevil. The lower values of the regression coefÞcient and the coefÞcient of determination of the regression equation of the CFUs of A. candidus versus moisture content compared with A. niger supports this possibility. The fact that A. candidus grew even at low moisture content of Ϸ12% suggests that activity of rice weevils in addition to raising moisture content contributed to mold growth. The preference of the rice weevils for A. candidus-contaminated rice grains (Yoon et al. 2003) could cause the weevils to harbor the mold actively in or on their bodies and enhance, together with rising moisture content, the promulgation of spores and mold growth, even under moisture conditions below the threshold. Hyun and Yu (1974) reported that A. candidus was the most common mold species detected in the body of the rice weevil during the procedure to get mold-free weevils and that the rice weevil developed faster on wheat inoculated with A. candidus than on wheat disinfected at 28 Ϯ 2ЊC, suggesting a positive interaction between them. A. candidus was also a dominant mold species found on rice infested with rice weevils in Korea Cho 1974, Ryoo et al. 2008 ). However, A. niger requires a higher moisture content for growth than the rice weevil, such that their interaction in stored rice could not be sufÞciently intensive for the development of a positive interaction similar to that observed with A. candidus; the rice weevilÕs activities provide only a small beneÞt for A. niger, besides elevating the grain moisture content. Consequently, the growth of A. niger depends principally on the grain moisture content. Kim and Ryoo (1982) reported that propagules of A. niger in the grain surface were reduced after 4 wk in the presence of rice weevils at 28ЊC and moisture content of 14 Ð15%, thereby suggesting a negative relationship.
The positive interaction between the rice weevil and A. candidus, suggested in this study, might result in an A. candidusÐ dominant mycoßora in rice storage infested with the rice weevil Cho 1974, Ryoo et al. 2008) . The biological control of the rice weevil using the parasitoid A. calandrae might serve to intensify the dominance and may be another factor to be considered in planning for pest management in rice storage. 
